A problem of interacting charge carriers confined in quasi-one-dimensional ͑1D͒ semiconductor nanostructures has been studied. We have derived an analytical 1D formula for the effective interaction potential between the confined charge carriers. We have applied both the 1D model with the effective potential and the full three-dimensional ͑3D͒ approach to an electron pair confined in a single and double quantum dot as well as to an exciton confined in a quantum wire. Comparing the results of the 1D and 3D approaches we have discussed the applicability of the effective 1D interaction potential to the real 3D nanostructures. We have shown that the present effective interaction leads to accurate results for weakly coupled multiple quantum dots and wire-like nanostructures, i.e., the quantum wires and dots with the lateral confinement much stronger than the longitudinal one.
I. INTRODUCTION
Charge carriers in semiconductor nanostructures with a reduced dimensionality exhibit a variety of novel properties. 1 In the low-dimensional nanostructures, the confinement potential, which stems from band offsets and/or external electric fields, leads to a limitation of the motion of charge carriers in one, two, or three directions. If the confinement in two spatial directions x and y ͑called the lateral or transverse directions͒ is much stronger than the confinement in the third direction z ͑longitudinal direction͒, all the confined charge carriers occupy the lowest-energy state associated with the transverse motion, which is energetically separated from the excited states. In this case, the transverse degrees of freedom are frozen and all physically interesting effects stem from the quantized motion in the longitudinal direction. Such systems exhibit quasi-one-dimensional ͑1D͒ properties. The quasi-1D systems can be realized either in semiconductor quantum wires, 1 nano-whiskers 2, 3 or carbon nanotubes. 4, 5 The quasi-1D confinement can also be obtained in quantum dots if the lateral confinement potential is much stronger than the confinement in the growth ͑longitudinal͒ direction. The problems of charge carriers confined in quasi-1D nanostructures are of growing experimental and theoretical interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In particular, the Luttinger liquid behavior of interacting electrons in 1D medium has been reported 4, 6 and the quantization of conductance 7 has been observed in GaAs/AlGaAs quantum wires. The ground-state energy of the 1D exciton, i.e., 1D hydrogenlike system, is divergent, 18 which directly results from the singularity of the Coulomb potential at the origin. However, in the real quantum wires, which possess finite lateral extension, the exciton binding energy is finite, but grows with the strength of the lateral confinement and can be several times larger than in the bulk crystal. 8, 9 For these reasons the reduction of the original 3D problem to the effective 1D model should be performed with a special care.
The effective interaction potential for the charged particles moving in a quasi-1D medium can be derived by averaging the 3D Coulomb interaction potential over the transverse degrees of freedom. 10 The correct effective potential should go over into the Coulomb potential V C with the asymptotic behavior V C ϳ1/r at large interparticle distances. However, instead of the Coulomb singularity at the origin, it should exhibit a cusp, 10 i.e., a nonvanishing value of the first derivative. So far, this potential was calculated by a timeconsuming numerical integration, 8, 19 which is not suitable for time-effective calculations in quasi-1D systems. In order to perform the effective calculations, the Coulomb potential is often replaced by approximate model potentials. 11, [20] [21] [22] [23] [24] The frequently used model potential energy [20] [21] [22] [23] [24] has the following form
where z 1 and z 2 are the longitudinal coordinates of the two charges, ϭe 2 /4 0 , is the dielectric constant, and R is commonly identified with the radius of the quantum wire. This approximation correctly reproduces the asymptotic behavior at large interparticle distances, but does not lead to the cusp at zero interelectron distance. This cusp is restored by another version 11 of the model interaction, which has the form
where ␥ is a fitting parameter.
In the present paper we have derived an analytical realspace formula ͑without fitting parameters͒ for the potential of the effective interaction between charge carriers confined in a quasi-1D environment. We have discussed the applicability of this effective potential as well as the validity of the 1D approximation for real nanostructures. For this purpose we consider a pair of electrons confined in a single and double quantum dot as well as an exciton in a quantum wire. The organization of the paper is following: in Sec. II we provide the full derivation of the effective interaction potential between the electrons in the ground state in order to allow the reader to follow our approach and to compare it with those given by other authors, Sec. III contains the results for the electron pairs and the excitons with the detailed discussion of the applicability of the present effective potential, and Sec. IV contains the conclusions and the summary. Appendix contains the derivation of the effective interaction for higher lateral subbands.
II. EFFECTIVE TWO-PARTICLE INTERACTION POTENTIAL
First we consider a single electron moving in confinement potential U conf , which can be expressed as a sum of the lateral U Ќ (x,y) and longitudinal U ʈ (z) confinement potentials, i.e., U conf (x,y,z)ϭU Ќ (x,y)ϩU ʈ (z). We assume that the lateral confinement is described by the harmonic oscillator potential, i.e.,
where m e is the electron effective mass and is the harmonic oscillator frequency. The one-particle wave function for potential U conf can be separated as follows:
where
with the oscillator length lϭ(ប/m e ) 1/2
. The ground-state energy of the transverse motion is equal to ប.
Let us consider two electrons confined in potential U conf (x,y,z). The Hamiltonian of the electron pair is given by
. For the system of two and more charge carriers we can not separate strictly the transverse and longitudinal coordinates like in Eq. ͑4͒ because of the intrinsic inseparability of the Coulomb potential. If, however, the lateral confinement is strong, i.e., is large, the Coulomb interaction is a small perturbation for the transverse-motion ground state ͓Eq. ͑5͔͒. In this case, the following separated form
can be a good approximation of the exact two-particle wave function.
The electron-electron interaction energy can be expressed as the integral
The Fourier transform of the lateral ͑transverse͒ probability density Ќ 2 is given by
We calculate integral ͑8͒ as follows. First, we replace the probability densities and the Coulomb potential by their Fourier transforms, i.e.,
where d 2 kϭdk x dk y . Next, we integrate over r 1 and r 2 using the identity
The application of ͑13͒ and integration over the Dirac delta functions yields
͑14͒
In Eq. ͑14͒ we replace (q,Ϫq) by the inverse Fourier transform
and integrate over q using the identity
The integration over k x and k y in Eq. ͑14͒ leads to
Performing the integral in Eq. ͑18͒ we obtain the real-space form of the effective interaction potential energy
Formula ͑19͒ provides the effective potential energy of the interaction between charge carriers confined in a quasi-1D nanostructure. In Eq. ͑19͒, erfcx(x)ϭexp(x 2 )erfc(x) is the exponentially scaled complementary error function, 25 which can be calculated using the standard numerical procedures ͑e.g., from the IMSL library 26 ͒. We note that the Fourier transform of the effective interaction potential ͑19͒ has been obtained by other authors 12, 27 in the following form:
where E 1 is the exponential integral
However, the analytical real-space form of this potential has not been found so far. The numerical transformation of expression ͑20͒ into the real space is very cumbersome and therefore, is not suitable in the real space calculations. On the other hand, formula ͑19͒, derived in the present work, provides the analytical compact form of the effective interaction potential, which can be readily implemented in the real space calculations.
In Fig. 1 we show the comparison of effective interaction potential ͑19͒ with the Coulomb potential and model potentials ͑1͒ and ͑2͒ ͑cf. Sec. I͒. In the calculations to Fig. 1 and throughout the present paper we use the material data of GaAs, i.e., m e ϭ0.067m e0 and ϭ11. Then, the oscillator length lϭ4.76 nm for បϭ50 meV. When plotting model potentials ͑1͒ and ͑2͒, we identify R in formulas ͑1͒ and ͑2͒ with l. Figure 1 shows that the present effective potential ͑19͒ of the interaction between the confined electrons is weaker than the Coulomb potential of the interaction between point charges for all values of the interparticle distance. At z ϭ 0 effective potential ͑19͒ possesses the cusp and for z→ϱ exhibits the Coulomb asymptotics. In fact, effective potential ͑19͒ becomes indistinguishable from the Coulomb potential already for zϾ25 nm. In Fig. 1 , we have also plotted effective potential ͑19͒ calculated for ប ϭ10 meV and the same values of the other parameters. We see that for the lower value of the lateral confinement energy the effective interaction is softer at small interparticle distance. Comparison of effective potential ͑19͒ with model potentials ͑1͒ and ͑2͒, presented in Fig. 1 , shows that model potential ͑1͒ does not reproduce the cusp at zϭ0. However, at large interparticle distances model potential ͑1͒, present effective potential ͑19͒, and the Coulomb potential become indistinguishable. The second model potential ͓cf. Eq. ͑2͔͒, has been drawn for ␥ϭ0.78, for which it reproduces the value of the effective potential ͑19͒ at the origin. Model potential ͑2͒ possesses the cusp at the origin, but in the entire range of z shown in Fig. 1 considerably underestimates both the Coulomb potential and effective potential ͑19͒. Inserting a smaller value of ␥ could restore the Coulomb character of model potential ͑2͒ at large interparticle distances, but it would lead to an overestimation of the electron-electron interaction energy near the origin. We conclude that none of the model potentials ͑1͒ and ͑2͒ reproduces the actual effective interaction potential in the entire range of interparticle distances.
In this section, we have obtained the real space formula for the effective interaction potential V eff between the electrons occupying the lowest (s-type͒ subband of the quantized transverse ͑lateral͒ motion. Similar closed-form expressions can be derived for the higher lateral subbands. In Appendix we present the way one can obtain potential V eff sp of the effective interaction between the one electron in the lowest s-type subband and the other one in the excited p-type subband.
III. APPLICATIONS
We have applied effective potential ͑19͒ to two-particle systems: a pair of electrons confined in a single and double quantum dot and a bound electron-hole pair ͑exciton͒ in a quantum wire. We have solved the corresponding eigenvalue problems using two different approaches. The first approach ͓in the following called approach ͑I͔͒ is based on the exact treatment of the original 3D problem followed by variational calculations with sufficiently flexible trial wave functions. When applying approach ͑I͒, we keep the 3D Coulomb interaction potential throughout the entire calculation procedure. Therefore, method ͑I͒ will provide reference results, which will be used to check the quality of the approximate 1D effective potential ͑19͒. The second approach ͓called approach ͑II͔͒ relies on the approximate separation of the longitudinal and transverse coordinates ͓cf. Eq. ͑7͔͒, which leads to the 1D two-particle problem with effective interaction ͑19͒. The resulting 1D Schrödinger equation for the longitudinal motion is solved numerically by the imaginary-time technique. 28 The comparison of the results of methods ͑I͒ and ͑II͒ allows us to study the applicability of effective interaction potential ͑19͒. In the present paper, we consider only the ground states of the two-particle systems.
A. Electron pair in a single quantum dot
First we consider a pair of electrons confined laterally by the harmonic oscillator potential ͓Eq. ͑3͔͒. The Hamiltonian of the system is given by Eq. ͑6͒. Due to the parabolic lateral confinement ͑3͒, it is possible to separate out the transverse center-of-mass and relative motions of electrons. The substitutions Xϭx 1 ϩx 2 , Y ϭy 1 ϩy 2 , x 12 ϭx 1 Ϫx 2 , and y 12 ϭy 1 Ϫy 2 lead to the following separated form of Hamiltonian ͑6͒:
where Hamiltonian
has the ground state energy ប, and
͑24͒
For the single quantum dot we use the Gaussian model 29 of the longitudinal confinement potential
where V 0 is the depth of the potential well and Z corresponds to the range of the longitudinal confinement. The Gaussian potential was applied to a modelling of the confinement of charge carriers in both the single 29 and double quantum dots. 30, 31 For the Gaussian potential the one-electron eigenproblem can be solved with a high precision by both the techniques used in the present paper, i.e., the variational method with the Gaussian basis and the imaginary time technique.
Hamiltonian ͑24͒ depends on four coordinates: the positions of both the electrons in the z direction and the relative electron-electron positions in the x-y plane. The corresponding ground-state wave function is invariant with respect to the interchange x 12 ↔y 12 . Accordingly, the trial ground-state wave function has been taken in the form ͑x 12 ,y 12 When applying approach ͑II͒ with the effective interaction potential, we adopt the approximate separability ͑7͒ and assume that both the electrons are in the ground state of the transverse motion. We define the Hamiltonian for the longitudinal motion as operator H ʈ , which fulfills the equation
The eigenvalue problem for Hamiltonian ͑28͒ depends on only two coordinates. Therefore, it can be treated with any efficient finite-difference method on a two-dimensional mesh. In the present paper, we have applied the imaginarytime technique, 28 according to which the ground-state wave function is calculated using the scheme ⌽ sϩ1 ϭ(1 Ϫ␣H ʈ )⌽ s , where s is the number of iteration. This iteration procedure converges to the exact ground-state wave function if the value of ␣ is not too large. We have used the mesh of 400ϫ400 grid points, for which the numerical approach works with the precision comparable to that of the variational calculations with Gaussian basis ͑26͒. Figure 2 displays the difference ⌬EϭE II ϪE I between the ground-state energies calculated by methods ͑II͒ and ͑I͒ described above. The calculations have been performed for V 0 ϭ200 meV in the Gaussian confinement ͑25͒ and for the lateral confinement energy បϭ10 and 50 meV. Figure 2 shows that-in the weak confinement regime, i.e., for large values of range Z of the longitudinal confinement potentialenergy difference ⌬E becomes equal to zero, which means that the Schrödinger equation is solved exactly in the 1D model with effective interaction potential ͑19͒ in Hamiltonian ͑28͒. In the strong confinement regime, i.e., for the small values of Z, the results obtained with Hamiltonian ͑28͒ overestimate the exact ground-state energy. This overestimation possesses a variational character. The resulting inaccuracy is related with the assumption of separability ͑7͒ and the application of the fixed form ͓Eq. ͑5͔͒ of the wave functions, which take into account neither the electron-electron correlation nor the increase of the extension of the electron charge density in the transverse direction induced by the interelectron repulsion. For the stronger lateral confinement, i.e., for បϭ50 meV, ⌬E is smaller and disappears for Z ϭ100 nm, while for the weak confinement (បϭ10 meV) ⌬E becomes negligibly small for Zϭ300 nm. We note that-in either case-the inaccuracy of the energy estimates is small in comparison with the ground-state energy of the two-electron system considered, which, e.g., for ប ϭ10 meV is equal to Ϫ248.54 meV for Zϭ5 nm and Ϫ376.22 meV for Zϭ800 nm. Therefore, the relative accuracy of the energy estimates obtained with effective potential ͑19͒ is high. Moreover, the absolute error ⌬E is negligibly small as compared to the range within which the groundstate energy changes with Z.
We note that parameter Z in the Gaussian potential ͑25͒ should not be identified with the size of the quantum dot, which in fact is much smaller. The actual size of the quantum dot is illustrated in the inset of Ӎ20 nm. In Fig. 3 we have plotted the contours of the two-electron probability density ⌽ 2 (z 1 ,z 2 ) calculated by the imaginary time technique for different values of Z and ប. All the plots have been drawn in the same scale ͑a 50 nm bar is marked in Fig. 3͒ . In the weak confinement regime, i.e., for Z ϭ300 nm, the electrons are localized in separate regions of the quantum dot. Then, the electron density distribution has the island-like form, which means that a Wigner molecule is formed. 21, [32] [33] [34] [35] For the larger confining frequency the Wigner molecule is created at smaller Z ͑cf. the plot for ប ϭ50 meV and Zϭ100 nm). This effect results from the fact that effective potential ͑19͒ possesses a sharper cusp at z ϭ0 for larger value of ͑cf. Fig. 1͒, i. e., the electronelectron repulsion, which is responsible for the formation of the Wigner molecule, is more effective. We note that the electron density for បϭ10 meV and Zϭ300 nm is very similar to that for បϭ50 meV and Zϭ100 nm. These two plots show the same shape of the two-electron probability density, i.e., one of them can be obtained from the other by a scaling. In these two cases the results obtained with the effective 1D interaction potential become indistinguishable from the 3D results for the ground-state energy ͑cf. Fig. 2͒ . Both these plots correspond to the pronounced Wigner localization of the electrons. This means that the effective interaction potential, obtained in the present work, works with a high precision for the quasi-1D electron systems forming Wigner molecules. 
B. Electron pair in coupled quantum dots
We have applied the effective interaction potential ͑19͒ to the problem of the electron pair confined in the coupled quantum dots. 30,31,36 -38 This system is described by Hamiltonian ͑6͒ with the longitudinal confinement potential assumed to be the double Gaussian quantum well
where d is the distance between the centers of the quantum wells.
The variational solution to the two-electron eigenproblem has been found with the use of the trial wave function expanded in the multicenter Gaussian basis ͑x 12 ,y 12 
which is a generalization of wave function ͑26͒. In Eq. ͑30͒, parameters C m and C n stand for the z coordinates of the centers of the Gaussian functions. We have used the following four centers: C 1 ϭϪd/2ϪZ/2, C 2 ϭϪd/2, C 3 ϭd/2, and C 4 ϭd/2ϩZ/2. This choice of centers takes into account the coupling between the dots as well as the tendency of electrons to avoid one another. The introduction of the two centers per dot enables us to reduce the number of nonlinear variational parameters a i from four in Eq. ͑26͒ to two in Eq. ͑30͒ without a significant loss of the precision. The numbers of other nonlinear parameters (b k and g l ) are the same as in wave function ͑26͒, which generates the basis composed of 384 elements. The results for Zϭ10 nm are depicted as functions of interdot distance d in Fig. 4 , which shows the difference ⌬EϭE II ϪE I between the ground-state energy E II calculated for Hamiltonian ͑28͒ with effective potential ͑19͒ by the imaginary time technique and E I calculated for Hamiltonian ͑24͒ with wave function ͑30͒. We see that both the energy estimates E II calculated by method ͑II͒ become nearly exact for dϭ20Ϭ25 nm. Energy difference ⌬E reaches zero more quickly for the stronger lateral confinement, i.e., for larger ប.
The inset of Fig. 4 displays the dependence of the groundstate energy on the distance between the dot centers for ប ϭ10 meV and for d͓20,400͔ nm. The ground-state energy first grows rapidly with the interdot distance, reaches a maximum for dϭ30 nm, and next decreases slowly. The rapid increase of the ground-state energy for small values of d is related with the decreasing overlap of the two Gaussian potential wells ͑29͒. The tunnel coupling between the dots vanishes for dϭ30 nm. For dϾ30 nm the electrons are localized in the different quantum dots and the electron-electron interaction energy contribution starts to decrease with the increasing interdot distance, which leads to the decreasing ground-state energy. We have found the asymptotic 1/d behavior of the ground-state energy ͑cf. inset of Fig. 4͒, which results from the Coulomb interdot repulsion, when both the electrons are localized in the different dots. Comparing the values of the total ground-state energy ͑inset of Fig. 4͒ with ⌬E ͑Fig. 4͒ we see that the relative errors of method ͑II͒, which uses effective potential ͑19͒, are negligibly small. The ground-state energy is equal to Ϫ677.93, Ϫ483.12, and Ϫ328.46 meV for dϭ0, 12, and 20 nm, respectively. Also the range of changes of the ground-state energy with varying d is by two orders of magnitude larger than ⌬E.
In Fig. 5 we have displayed the two-electron probability density ⌽ 2 (z 1 ,z 2 ) calculated for the coupled quantum dots by the imaginary time technique. For dϭ10 nm confinement FIG. 4 . Energy difference ⌬E for the electron pair confined in the double quantum dot as a function of interdot distance d for the lateral confinement energy បϭ10 meV ͑dashed curve͒ and 50 meV ͑solid curve͒. Inset, ground-state energy E, calculated by the full 3D approach, for the electron pair confined in the double quantum dot for d͓20,400͔ nm and for បϭ10 meV. potential (29) possesses a single minimum and the electrons are not separated spatially. The separation of the electrons becomes visible for dϭ20 nm, for which the confinement potential possesses two separated minima. The separate localization of the electrons is more pronounced for the stronger lateral confinement, i.e., for បϭ50 meV, than for the weaker lateral confinement, i.e., for បϭ10 meV, which is related to the fact that the effective interelectron repulsion ͑19͒ is stronger for the system, which is more strongly localized laterally ͑cf. Fig. 1͒ . For dϭ30 nm the plots for both the lateral confinements are identical. In this case, the interaction between the electrons localized in the different dots can be identified with the electrostatic interaction between the two point charges.
C. Exciton in a quantum wire
We have also studied the applicability of the effective potential to the problem of a bound electron-hole pair in a quantum wire. In this problem the particles are free to move in the z direction. We assume the same confinement of the charge carriers in the transverse directions as in the preceding sections, i.e., parabolic lateral confinement. The system is described by the Hamiltonian
where m h is the hole effective mass ͑in the calculations for the exciton we adopt m h ϭ0.5m e0 and ϭ12.9) and r eh ϭ͉r e Ϫr h ͉ is the electron-hole distance. Since the particles are not confined in the longitudinal ͑z͒ direction, we can separate in Hamiltonian ͑31͒ the center-of-mass and relative motions in this direction, which yields 
͑35͒
We have applied 10 nonlinear variational parameters a i and 10 parameters b j , i.e., the basis set in Eq. ͑35͒ is composed of 100 elements, which leads to the sufficiently high precision of the ground-state energy estimates. Let us introduce the effective electron-hole interaction to the problem considered. If the lateral confinement is strong, the ground-state wave function can be approximated by a product
where where ϪV eff * is the potential energy of the effective electronhole interaction, which has been obtained in a similar way as the effective potential energy for the two electrons ͑cf. Sec. II͒ and has the form given by Eq. ͑19͒ with l replaced by ͱ(l e * 2 ϩl h * 2 )/2. We evaluate the ground-state of the exciton described by Hamiltonian ͑38͒ by a finite-difference method with a one-dimensional mesh.
In order to check the quality of the 1D approximation ͑38͒, we have calculated the ground-state energy of the exciton described by the 3D Hamiltonian ͑34͒ using trial wave function ͑35͒ and compared the results. The difference ⌬E between the ground-state energy calculated by the 1D and 3D methods is displayed in Fig. 6 as a function of lateral confinement energy ប.
In Fig. 6 , the dashed curve has been obtained with the values of parameters l e * and l h * fixed at those for the noninteracting particles, i.e., l e *ϭl e and l h *ϭl h , where l e(h) ϭ͓ប/m e(h) ͔ 1/2 , and the solid curve has been obtained from the minimization performed over l e * and l h * , which significantly improved the results. We also see that the energy difference slowly decreases with the lateral confinement energy. The increasing lateral confinement energy lowers the minimal value of the effective attraction potential energy ϪV eff * ͑cf. Fig. 1͒ . As a consequence, the exciton wave function becomes more and more localized and finally resembles the Dirac delta at large ប. The inset in Fig. 6 shows the binding energy E B of the exciton, which is calculated as follows: E B ϭ2បϪE, where E is the exciton ground-state energy. We see that the exciton binding energy increases with increasing ប, i.e., increasing confinement. The inset of Fig.  6 displays the binding energy calculated with wave function ͑35͒ and in the framework of the 1D model with and without the optimization of parameters l e * and l h * . The binding energies calculated by all the three methods become identical for the strong lateral confinement. Figure 6 also shows that ⌬E, which is a measure of the accuracy of the results obtained with the effective interaction potential, becomes negligibly small for large ប. The relative errors of the 1D approach with effective potential V eff * , determined with respect to the binding energy obtained with the optimized parameters l e * and l h * , have been estimated to be 22%, 7%, and 2% for បϭ1, 10, and 100 meV, respectively.
IV. CONCLUSIONS AND SUMMARY
We have derived the effective potential of the interaction between the charged particles confined in the quasi-1D semiconductor nanostructure. We have considered the electron pair confined in the single and double quantum dot and the exciton confined in the quantum wire. In order to solve the corresponding eigenvalue problems we have applied both the full 3D approach and the 1D model with the present effective interaction potential. The comparison of the results obtained by the 3D and 1D approaches enabled us to discuss the accuracy of the effective 1D model. We have shown that for the electron systems considered the present 1D model works with a reasonable precision in the entire range of the nanostructure parameters. For the single quantum dot the results of both the 3D and 1D methods become identical in the strong lateral confinement regime. For the coupled quantum dots the 1D model leads to the same results as the 3D approach at large interdot distances, i.e., if the electrons are localized in the different dots. We have also shown that the effective 1D model is suitable for a description of the exciton confined in the quantum wire.
The effective interaction potential derived in the present paper has been compared with the model interaction potentials introduced by other authors. Contrary to model potentials, the present effective potential contains no fitting parameters. At large interparticle distances both the effective and the model potentials exhibit the same coulombic asymptotics. Therefore, for the electron systems of low density the effective and model potentials should yield similar results. The differences between the effective and model potentials appear for finite interelectron distances, especially, for the very small electron-electron distance. Therefore, for the electron systems of large density, i.e., for the strong confinement, the solutions obtained with the effective and model potentials can be different. We have pointed out that the error of the energy estimates obtained with the present effective potential has a variational character and-in most cases-is negligibly small. On the contrary, the results obtained with the model potentials are non-variational, which may lead to the uncontrollable errors. These errors occur when the wave function takes on appreciable values at small interparticle distances. This problem is particularly important for the exciton confined in a quantum wire, since the electron and hole groundstate wave functions strongly overlap. In this case, the application of the model potential can yield quite arbitrary values of the binding energy. However, the application of the present effective potential leads to the reasonable values of the binding energy. If the lateral confinement potential is sufficiently strong, the ground-state energy obtained with the effective potential can be very close to the exact value, while the results obtained with the model potentials may differ significantly from the exact solutions.
In summary, we have presented the efficient method of the solution to the Schrödinger equation for the charge carriers confined in quasi-1D nanostructures. This method is based on the introduction of the effective 1D interaction potential for the charge carriers. We have derived the analytical real-space formula for the effective interaction potential, which can be readily applied to a number of problems involving quantum wires, single, and multiple quantum dots with the strong lateral confinement.
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